The retina reports the visual scene to the brain through many parallel channels, each carried by a distinct population of retinal ganglion cells. Among these, the population with the smallest and densest receptive fields encodes the neural image with highest resolution. In human retina, and those of cat and macaque, these high-resolution ganglion cells act as generic pixel encoders: They serve to represent many different visual inputs and convey a neural image of the scene downstream for further processing.
Here we identify and analyze high-resolution ganglion cells in the mouse retina, using a transgenic line in which these cells, called "W3", are labeled fluorescently. Counter to the expectation, these ganglion cells do not participate in encoding generic visual scenes, but remain silent during most common visual stimuli. A detailed study of their response properties showed that W3 cells pool rectified excitation from both On and Off bipolar cells, which makes them sensitive to local motion. However, they also receive unusually strong lateral inhibition, both pre-and postsynaptically, triggered by distant motion. As a result, the W3 cell can detect small moving objects down to the receptive field size of bipolar cells, but only if the background is featureless or stationary-an unusual condition. A survey of naturalistic stimuli shows that W3 cells may serve as alarm neurons for overhead predators. electrophysiology | vision | neural processing | density recovery profile W hat does the retina do for the visual system? Two very different answers have been proposed. In one account, the retina's purpose is to quickly transmit the pixels of the visual image to the brain. There, a vastly greater number of neurons and circuits analyze the image for the visual features important to specific behavioral tasks. From this perspective, image processing within the retina is limited to some gentle filtering and gain-control mechanisms that deal with a great range of light intensities, all for the purpose of enabling efficient transmission of the image through the optic nerve.
In a contrasting account, the retina already extracts the specific information needed for certain visual behaviors and transmits a highly processed feature set on which the brain can act more directly. This account might explain why the retina's output includes more than 20 different types of retinal ganglion cells (1, 2) . Each of these populations tiles the entire visual field (3). Vice versa, every point in the image is reported to the brain through >20 different parallel channels. Some of these ganglion cell types respond to selective visual features and drive specific central circuits. For example, of the eight groups of direction-selective retinal ganglion cells (RGCs) that encode the direction of movement of the retinal image, three project specifically to circuits involved in eye movement control (4, 5) . Similarly, 4-5 types of melanopsin-expressing RGCs can signal prolonged steady light exposure; some of them drive circuits that control pupil constriction and contribute to setting the circadian clock (6) .
A compromise position states that many RGC types are feature detectors, but a few serve as simple pixel encoders that transmit the raw image downstream. These types should be ganglion cell populations with high sampling density and sharp receptive fields, to provide the brain with a high-resolution image. For example, the P cells of the primate retina are by far the most numerous population and seem to have rather simple visual responses. Within the fovea-corresponding to our center of gaze-each P cell is driven by just one cone photoreceptor, the finest image resolution possible. Indeed, the acuity of human visual perception is well explained by the resolution of the P-cell array (7) . Similarly, the cat retina contains a population of RGCs with small receptive fields, the beta cells, whose visual processing is relatively simple, largely comprising a linear spatial filter (8, 9) .
Here we test whether this idea holds in the retina of the mouse. This species has enjoyed increasing popularity in visual neuroscience. Contrary to the propaganda spread by children's songs, mice are hardly blind. They sport a perfectly organized retina and a visual system that includes a substantial portion of the cortex (10) . Like other mammals, the mouse has ∼20 types of RGCs, several of which seem directly analogous to those of primates (2) . Unlike other mammals, however, the mouse offers molecular genetic tools that make it possible to mark neurons of specific types, for visualization with fluorescent proteins or manipulation of their cellular functions. Several ganglion cell types have been marked in this way, and this labeling has greatly facilitated their directed study and the discovery of new response properties (11) (12) (13) (14) (15) (16) (17) (18) .
We exploited a line of mouse that labels the RGC type called W3 (12) , which has the highest density and smallest receptive fields and therefore the highest resolution. On the basis of these properties, we expected that W3 cells would be simple pixel detectors. Instead, we found that their visual responses are highly specialized. We propose that W3 RGCs participate in encoding select visual events that may be essential to the animal's survival.
Results
W3 Cells Represent a Natural Type of Retinal Ganglion Cells. In the transgenic mouse line TYW3, strong regulatory elements from the Thy1 gene drive expression of yellow fluorescent protein (YFP) (12) . In TYW3 retinas, YFP protein can be detected in only a small subset of RGCs ( Fig. 1A and Fig. S1 ), possibly because the transgene has come under control of sequences near the integration site (19) . These YFP-positive RGCs show a range of fluorescence intensities ( Fig. S1 ) but one population of brightly labeled cells is clearly distinct from the others. We fo- 3 To whom correspondence may be addressed. E-mail: sanesj@mcb.harvard.edu or meister4@ mac.com. cused our analysis on these bright cells, and refer to them as W3-RGCs. The density of W3-RGC neurons has a peak value of 440 cells/mm 2 in ventral retina with lower levels in dorsal and peripheral retina (Fig. 1B) .
W3-RGCs have a single thick dendritic arbor that occupies the space between the two choline acetyl transferase (ChAT)-positive bands in the inner plexiform layer (IPL) (Fig. 1C , strata 4-6 in the nomenclature of ref. 20) . In addition, minor sprouts extend distally past the outer ChAT band and arborize in a thin band close to the inner nuclear layer (stratum 1, Fig. 1C ). A tangential view of W3-RGCs reveals a dendritic arbor with branchings that are more dense and convoluted than those of other ganglion cell types (21) . As detailed in ref. 12 , the dendritic field is small in horizontal extent ( Fig. 1D ), covering an area of 10,300 ± 500 μm 2 (n = 25), which corresponds to an average diameter of 114 μm.
Retinal ganglion cells with these morphological properties have been noted in previous surveys of the mouse retina [called "B2" in Sun et al. (21) , "4" in Badea and Nathans (22) , "1" in Kong et al. (23) , "M11" in Coombs et al. (24) , and "G5" in Völgyi et al. (2) ]. In each case, they appear to represent the smallest and densest RGC type. Similarly, the diameter of the W3 dendritic arbor is substantially smaller than those of other genetically marked types (11) (12) (13) (14) (15) (16) (17) (18) . Given their dendritic field size, W3-RGCs achieve a coverage factor of ∼4.5 in the region of peak density, such that every point of the image is processed by 4-5 W3 cells on average. In this region, the W3 cells account for ∼13% of the total RGC population on the basis of previous measurements of total RGC density (25) . Other mouse RGC types that have been analyzed to date each amount to <5% of the total population (11) (12) (13) (14) (15) (16) (17) (18) .
Although the high density of W3 RGCs could be taken to indicate that they sample the visual field with high resolution, another possibility is that the labeled cells comprise multiple subpopulations, each of which is present at moderate density. To distinguish between these alternatives, we made use of the fact that retinal cells of a single type are generally distributed in a "mosaic" arrangement, spaced at approximately regular distances. We inspected the arrangement of W3 cells via the density recovery profile (DRP) (26) and found a clear region of exclusion around each cell body, indicative of regular spacing (Fig. 1E ). This result shows that W3 cells indeed represent a natural cell type and that they are distinct from the dimly labeled cells in the same mouse line ( Fig. S1 ). We also developed an extension to the DRP analysis (Materials and Methods) that can test whether the labeled neurons represent the entire population or just a random labeled subset ( Fig. S2 ). This test showed that in high-density regions at least 80% of the cells in the population are marked with YFP ( Fig. 1E ).
Together, these results provide strong evidence that W3-RGCs are a single cell type that represents the smallest-field and highestdensity RGCs in the mouse retina. Hence one expects this population to sample the visual scene at the highest spatial resolution.
W3 Cells Remain Silent Under Most Common Visual Inputs. To characterize the function of W3-RGCs, we recorded their electrical responses to a broad set of visual stimuli. With guidance from the fluorescent label, W3 cells were approached with patch electrodes for cell-attached recording of spikes or whole-cell recording of synaptic currents. For comparison with other types of RGCs, we also recorded from a broad sample of nonfluorescent neurons in the same retina.
If the W3 cells act as general pixel encoders, they should respond under the stimuli that an animal encounters commonly in nature. To this end we used videos recorded from a camera mounted on the head of a freely moving rat (27) . The camera was aimed at the lower half of the visual field, and the video was acquired with a wireless transmitter, leaving the animal free to roam through an enclosure. Despite the size difference between rats and mice, these movies provide a good sample of visual inputs from locomotion in a natural environment. They are dominated by optic flow that results from translation and rotation of the animal ( Fig. 2A ). When these movies were projected onto the isolated mouse retina, using the appropriate magnification, most non-W3 ganglion cells responded vigorously ( Fig.  2B ). However, the W3 cells remained perfectly silent ( Fig. 2B ). These head-centered videos contain much violent image motion. Some of this motion may be alleviated by compensating eye movements-not measured here-but invariably the retina experiences a great deal of global image motion. Thus, we also considered a natural scenario in which global motion is greatly diminished: when the animal freezes, for example in the presence of a predator (28) . Under these conditions the eye will be almost still, and thus retinal image motion should be greatly reduced. We obtained movies of a predator, a large bird, filmed with a stationary camera, and projected them on the mouse retina at the appropriate magnification. The W3 cells again remained almost perfectly silent. During one particular 12-s approach sequence of the predator, a total of only 74 spikes were fired by W3 cells in 81 locations covering the scene (Fig. 2C ). These few spikes occurred at the edge of the moving bird's image, but were obviously insufficient to reliably encode the presence of the predator. One is therefore left with the surprising result that the W3 cells do not participate in routine visual processing, quite unlike the smallfield ganglion cells in other retinas. . This result suggests that the W3 cell receives excitation from both On-and Off-bipolar cells, consistent with the shape of its dendritic arbor, which straddles the border between the On-and Off-sublaminae of the inner plexiform layer (29) . Furthermore, the synaptic input from each of these channels must be transient and strongly rectified ( Fig. 3D ), such that only depolarizing transients are transmitted to the ganglion cell. Otherwise the opposing inputs from bipolars of opposite polarity would cancel. For example, this rectification may arise when the bipolar cell synapse has a very low release rate at the resting potential.
These nonlinear On-Off responses of W3 cells already present a departure from the behavior of other small-field RGCs, such as the cat beta cells and the macaque P cells. Those cells receive excitation from bipolars of one polarity only, and the signal transfer across those synapses is largely linear, such that the ganglion cell firing rate gets modulated in both directions (30) . Thus, we sought to test the generality of this rectifying behavior. When a white bar was moved through the receptive field of a W3 cell, it reliably elicited two bursts of spikes: one at the leading edge and another at the trailing edge ( Fig. 3B ). The strength of this response was not dependent on the direction of movement:
W3 cells do not participate in routine visual processing. (A) Single frame of a "rat-cam" movie recorded with a wireless video camera from the head of a freely moving rat. (B) Spike trains of retinal ganglion cells in the mouse retina exposed to this movie. The W3 cells remained silent, whereas other RGCs fired to various degrees. In a broader survey, three W3 cells were tested, each with the movie presented at 25 different spatial offsets, and none fired a single spike in 250 s of stimulation. (C) Response of a W3 cell to a short movie of an owl taken with a stationary camera, illustrated with four sample frames of 33 ms. The same movie was presented many times with 9 different horizontal and vertical offsets (circles in margins of frame 1), thus placing the receptive field of the recorded W3-RGC in 81 different locations within the scene. Red arrows: motion vectors depicting optic flow within the scene. Yellow dot: the location of the W3 receptive field when the cell fired an action potential. Note only 1 of the 81 locations produced a single spike in these 133 ms, despite ample amounts of motion within the scene. In a sample of 12 neurons the average direction selectivity index (15) was only 0.071 ± 0.012. In a further test, we used a broadband stimulus consisting of randomly flickering bars extending through the receptive field center ( Fig. 3C ). We analyzed which of these random sequences produced spikes (Materials and Methods) and found that they clearly separate into two classes, one that raises the intensity on the receptive field center and another of almost opposite waveform that decreases the intensity (Fig. 3C, iv) . These two waveforms characterize the kinetics of the visual signal transmitted by the two bipolar pathways. As measured by the time to peak, these response waveforms are ∼30 ms slower than for many other ganglion cells recorded in the same retina (Fig. 3C , iv).
W3 Cells Pool over Rectified Subunits. Another form of nonlinearity encountered in certain retinal ganglion cells involves summation of visual inputs across different regions of the receptive field. This summation is commonly studied with a contrast-reversing stimulus that adds light to one part of the receptive field, while subtracting light from another part. A neuron that sums light linearly over its receptive field will remain silent under such a stimulus (31) .
We first focused on the receptive field center and presented square gratings within a circular aperture, at varying spatial frequencies and phases ( Fig. 4 A-E). The coarsest gratings simply divided the receptive field into a light and a dark half ( Fig. 4 A  and B) . Contrast reversal produced a burst of spikes regardless of the position of the boundary. This result suggests that the W3 cell combines rectified excitatory input from different regions of the receptive field, analogous to the Y cells of the cat retina (9) . However, given the prominent On-Off nonlinearity of W3 cells, we wanted to confirm this result for a single bipolar cell pathway. Indeed, addition of 2-amino-4-phosphonobutyrate (APB) to the medium eliminated the On response, but the response to contrast reversal within the center remained intact (Fig. 4B, β) , showing that nonlinear summation over subunits in the receptive field occurs even within the Off pathway alone.
When the grating was made progressively finer, the W3 cells continued to respond on every reversal, even when the bars were only 23 μm wide (Fig. 4D, α) . However, no response was detected with 11.5-μm bars (Fig. 4E, α) , implying that the subunits of the receptive field that are independently rectified have a spatial extent of ∼23 μm, consistent with the dendritic fields of cone bipolar cells (32) . Reversal of the 23-μm grating will thus modulate individual bipolar cells, whereas reversal of the 11.5-μm grating leaves the total input for each bipolar cell unchanged. A plausible explanation for all these observations is that the W3 cell receives rectified synaptic excitation from many On-type and Off-type bipolar cells throughout its dendritic field (Fig. 4F) . In this way a change of illumination anywhere within the centeron a scale of bipolar cell receptive fields or larger-elicits a transient pulse of excitation that is not counterbalanced by loss of excitation elsewhere.
Some non-W3 ganglion cell types observed in these same experiments showed similar behavior of nonlinear summation, with a cutoff at the same bar width, presumably determined again by bipolar cells (Fig. 4, γ) . By contrast, other RGCs exhibited linear summation over the whole receptive field (Fig. 4, δ) with no response to fine gratings, analogous to the X cells of the cat retina (9) .
Strong Receptive Field Surround Suppresses the Center Response.
For many retinal ganglion cell types, the effect of visual stimulation near the soma is opposed by stimulation in a surrounding region. W3 cells exhibit a particularly strong form of this centersurround antagonism. With a flashing spot of increasing size (Fig. 5A ) both On and Off responses first increased in magnitude ( Fig. 5B ) and then declined abruptly and ceased altogether. The spot size eliciting the maximal response reflects the excitatory center of the receptive field. Spots larger than this begin to encroach on the antagonistic surround region. By this measure, W3 cells have small receptive field centers, 120-160 μm in diameter, smaller than those of other ganglion cells in the mouse retina ( Fig. 5C ). Note that the receptive field for Off responses is systematically smaller than that for On responses. Furthermore, the inhibitory surrounds of W3 cells are unusually strong, with complete suppression of the response by spots only twofold larger than the center. By comparison, most other ganglion cell types exhibit larger centers and only partial suppression by the surround (Fig. 5C ).
To probe the surround mechanism further, we resorted again to shifting gratings. As reported above, a fine shifting grating presented on the receptive field center elicits bursts of spikes in W3 cells on every shift (Fig. 4 ). We added a second shifting grating that covered the surround region (Fig. 5D ). When the surround grating was moved in synchrony with the center grating, the response was completely suppressed (Fig. 5E ). The same outcome was obtained at all spatial frequencies that produced a center response. Thus, the inhibitory mechanisms in the surround must perform a similar rectified summation over space and again down to the level of individual bipolar cells. Because the inhibition necessarily arrives via amacrine cells, one can conclude that amacrine cells in this population already perform a summation over rectified bipolar cell inputs, much as the W3 cells themselves (Fig. 5I ). The results of spot stimulation (Fig.  5B) show that this inhibition can be driven by both the On and the Off pathways, but we do not know whether those pathways are combined in the same amacrine cell or are carried by separate populations.
Surround Suppression Relies on Pre-and Postsynaptic Inhibition from
Spiking Amacrine Cells. To study the synaptic mechanisms underlying these phenomena, we measured the membrane currents elicited in W3 cells by the same stimuli. Each stimulus was repeated at a series of membrane holding potentials (Fig. S3) , and from the resulting current-voltage relationships we measured the excitatory and inhibitory membrane conductances (33) . Motion of the center grating alone (differential motion) produced a strong pulse of excitation and very little inhibition (Fig. 5F) . By contrast, a simultaneous shift of the surround grating (global motion) triggered a strong pulse of inhibition and also suppressed the excitatory conductance by about half (Fig. 5 F-H) . These results suggest that W3 cells receive direct transient inhibition from amacrine cells triggered by motion in the receptive field surround. In addition, however, these surround signals suppress the excitatory input from bipolar cells, presumably via presynaptic inhibition at the bipolar terminal ( Fig. 5I) .
Remarkably, almost all these inhibitory influences seem to be mediated by spiking amacrine cells. When tetrodotoxin (TTX) (0.1-0.2 μM) was added to the bath, the postsynaptic inhibition produced by global motion disappeared almost entirely (Fig.  5H) . Similarly, the presynaptic suppression of excitatory inputs was abolished; indeed the excitation under global motion returned to the levels under differential motion (Fig. 5G ). Because TTX acts selectively to block action potentials, we conclude that the inhibitory inputs under these moving stimuli derive almost entirely from spiking axon-bearing amacrine cells. Presumably the active propagation along axons allows for efficient transmission from distant regions of the surround.
W3 Cells Can Detect Aerial Predators. With this understanding of the basic visual computations performed by the W3 cell circuit, one can return to reasoning about ecological stimuli. The circuit includes an unusually effective means of suppression from the receptive field surround, and owing to the nonlinear pooling mechanism this surround is sensitive to any form of change in the image. This sensitivity explains why W3 cells remain silent during the global image flow that dominates the scene during natural locomotion ( Fig. 2 A and B) . However, why do they remain silent in the presence of a moving object on a stationary background (Fig. 2C) ?
The circuit model derived for W3 cells (Fig. 5I ) resembles that of "object motion-sensitive" (OMS) cells described previously in other retinas. These OMS ganglion cells are similarly suppressed by global motion. When presented with a large moving object, the OMS cells fire exclusively along the boundary of the object (34) . Those in the interior of the object experience global motion between their center and surround regions and thus remain suppressed. However, W3 cells do not behave this way. If a movingobject grating (Fig. 5D ) extends substantially beyond the receptive field center, the W3 cells all remain silent. This feature is explained by the strong surround suppression: For a neuron at the boundary of a large patterned object, half the surround region is synchronized with the center region, and that level appears sufficient to suppress all firing (Fig. 2C) . Given these observations, one is led to consider stimuli that restrict motion entirely to the receptive field center of the W3 cell and avoid driving the surround. One such condition occurs when a bird circles or approaches at some distance overhead. This action produces a small dark patch moving against a bright background. Even if the observer is in motion, the background sky is largely featureless and thus produces little or no pattern motion on the retina that could trigger retinal suppression. We generated silhouettes of birds, flying with a range of velocities as measured in the wild (35) and at varying apparent distances (Fig. 6) . The W3 cells responded with a strong burst of spikes for silhouettes whose diameter matched the W3 receptive field center ( Fig. 6A) . At twice this retinal size, the response was weaker but still reliable. At twice the size again, the W3 cells remained silent, presumably because the silhouette swept into the suppressive surround ( Fig. 6C) , much as in the close-up movies of Fig. 2C . In summary, even for a carefully designed stimulus-dark spots on a blank background-the response of W3 cells was remarkably size selective.
Discussion
The central result of this study is that the most numerous ganglion cell type in the mouse retina-the "W3" cell-acts as a highly specific feature detector. Surprisingly they do not participate at all in encoding the retinal image during active locomotion of the mouse (Fig. 2) . Instead they appear selective for stimuli that might result under attack from aerial predators (Fig.  6 ). This selectivity stands in contrast to that in the retinas of other mammals, like the cat and the macaque, in which the densest ganglion cells encode the visual image with only minimal and generic processing (30, 36) .
Neural Circuits Leading to W3 Cells: Working Model. To reach these conclusions we exploited a transgenic mouse line that selectively labels W3 ganglion cells. We showed that these neurons represent a single natural cell type because they cover the retina in a mosaic fashion, albeit with considerable dendritic overlap (Fig.  1) . The W3 cells exhibit rather complex visual responses, yet they can be understood within a compact model for neural circuits in the inner retina (Fig. 5I ). We emphasize that this working model will need to be tested in future experiments, including anatomical verification of the proposed connections.
In this putative circuit, the W3 cell receives synapses from both On-and Off-bipolar cells, as suggested by its responses at both light On and light Off (Fig. 3) and a dendritic arbor that spans the On-Off boundary in the IPL (Fig. 1D ). These bipolar synapses should be at least partly rectifying (37) , so that the On and Off inputs do not cancel postsynaptically. This effect can arise if the bipolar cell synapse is poised at a very low basal rate of transmitter release. The rectification can also explain the strong response to reversal of a fine grating in the center (Fig. 4) , because that stimulus will excite either On or Off bipolars at every location. The model predicts correctly that this process works until the grating bars are finer than a bipolar cell receptive field, ∼25 μm for type 3 bipolars (32) .
Amacrine cells from the surround region of the circuit make inhibitory synapses both with the W3 cell directly and with the bipolar cell terminals that feed it, which accounts for the observed feedforward and feedback inhibition (Fig. 5F ). Much of this inhibition arrives from spiking axon-bearing amacrine cells that can transmit laterally over long distances (38, 39) . We suggest that the participating amacrine cells also receive rectified input from both On and Off bipolars, because both On and Off transitions inhibit the W3 cell ( Fig. 5B) , even if the spatial pattern is a fine grating ( Fig. 5E ). Of course this is a parsimonious picture, and instead the inhibition might be combined from multiple amacrine types that each have purely On or Off responses. In any case, the On-Off rectification means that the surround is strictly suppressive: Any change of illumination there will transiently decrease excitation and increase inhibition of the W3 cell. By comparison, other ganglion cell types, including the J-RGCs (15) , have a more linear surround response and can be led to spike by proper stimulation of the surround alone. The exceptionally powerful surround circuits ensure that W3 cells remain suppressed under most conditions of stimulation (Fig. 2) . Within our survey of stimuli, the only condition that elicits reliable responses is movement of a small spot on a background that is either perfectly still or unpatterned. In the natural environment this situation occurs, for example, when a bird moves against the sky (Fig. 6) .
Could the W3 cells reliably save a mouse from such an aerial predator? The strongest response was seen when the bird's wing span just covers the receptive field center (Fig. 6A) , an angular subtense of 4°. This stimulus occurs with the bird at a distance of 14 wing spans. Large birds fly at speeds of 5-12 wing spans per second (35) . Thus, from the moment when W3 cells optimally signal the predator, the mouse still has a generous 1.2-2.8 s to escape. By the time the image is large enough to suppress W3 cell firing (Fig. 6C) , only ∼0.4 s remains to impact. If the animal has not already initiated escape at that time, its retina will soon cease functioning permanently.
The spatial and temporal characteristics of the W3 response appear well suited for an alarm function. This ganglion cell population shows the highest cell density in the ventral part of the retina, which is directed at the sky. The small receptive field center is essential to detect the predator at large enough distance. The strong suppressive surround in turn serves to silence the W3 cells under almost all other conditions-including the optic flow generated by self-movement ( Fig. 2 A and B) -so that their spikes can be interpreted reliably as cause for alarm. The relatively slow kinetics of the W3 cell could be seen as a detriment for a rapid alarm system. The light response of W3 cells lags that of many other RGC types by ∼30 ms (Fig. 3C, iv) . One consequence of this slow center excitation is that surround inhibition can "catch up" and veto the center input before it leads to spikes. In fact, for a global motion stimulus, the inhibition even peaks before the excitation (Fig. 5F and ref. 40 ). Delaying the center excitation is necessary because the surround signal Fig. 6 . W3-RGCs can detect motion of small dark objects. Response of W3-RGCs to a flying bird against a featureless background is shown. The stimulus was a dark silhouette that Tinbergen used to elicit escape behaviors (48) . It moved horizontally at five wing spans per second. This stimulus was repeated at several vertical offsets (horizontal lines) and spikes were recorded on multiple trials in each condition (rasters between horizontal lines). The responses are displayed like an instantaneous snapshot of activity in the W3 population: The local density of spikes represents the firing rate of W3 RGCs at that location relative to the stimulus. As expected from the slow kinetics of W3 cells, the neural response lags some distance behind the image of the object and more so at higher velocity. Responses were robust for silhouettes about the size of the W3 receptive field (A), declined substantially at twice that size (B), and disappeared entirely for larger sizes (C).
flows through at least one additional neuron, an amacrine cell (Fig. 5I) . The circuit features that underlie this timing remain to be determined, but one possibility is that the bipolar cells providing input to the receptive field center are of a slower type than those that supply amacrines in the surround, a prediction to be tested in future circuit studies. In this picture, the delayed response can be seen as a price paid for the exquisite selectivity of the feature detector. It serves to ensure that the W3 cell remains silent under the ubiquitous large-field image shifts that occur during natural locomotion and eye movements. For its presumed bird-detector function, this delay is only a minor cost: The 30-ms delay is less than 2% of the overall warning time of ∼2 s.
W3 Ganglion Cells Are an Evolutionarily Conserved Visual Channel. In the mouse retina, W3 cells are clearly recognizable as a morphological type because they have the smallest dendritic fields, a broadly stratified arbor in the middle of the IPL, and a dense and thorny appearance of the dendrites. Closely related types of RGC exist in other mammalian species, the most compelling case being the "local edge detector" (LED) of the rabbit retina (41) . Like W3 cells, the LED arborizes near the middle of the IPL, between the two ChAT layers (40) , with the occasional dendrite shooting upward to a more distal level (42) . These cells have the smallest dendritic fields (42) and account for ∼15% of the entire RGC population (40) . They respond at both light onset and light offset (41) (42) (43) , but more slowly than other RGC types in the same retina (40) . Like the W3 cell, the LED also responds to fine gratings in the center (41) . A strong inhibitory surround can completely suppress the response (40) (41) (42) (43) . These parallels among structural and functional parameters clearly identify the mouse W3 ganglion cell with the rabbit local edge detector.
In the cat retina, the "theta" cells (44) have remarkably similar dendritic structure. They are thought to produce transient On-Off responses without direction selectivity, like the W3 cells (44) . In the macaque retina, a closely similar ganglion cell is the "broad thorny" type (45) . Again, their dendrites stratify in a broad arbor near the middle of the IPL and are distinct by their thorny appearance. These ganglion cells also produce transient On-Off responses without direction selectivity. Interestingly, both the cat and the macaque retinas contain other RGC types that are considerably smaller and denser than the W3 analogs, namely the "beta" and "midget" cells, respectively. These cell types act like high-resolution pixel encoders for generic visual images. It is intriguing that they appear to be absent in the prey species mouse and rabbit. The amphibian retina also contains a ganglion cell type with very similar function and presynaptic circuitry (34, 38) .
On the basis of these comparative notes we suggest that the W3 type of ganglion cell has been conserved in evolution. Presumably these RGCs play an important functional role in every visual system. Indeed, it now appears that many of the ganglion cell types studied in lower mammals persist even in the human eye, and they feed central visual targets including the superior colliculus and the thalamus (45, 46) . Thus, it becomes increasingly interesting to understand the function of these canonical circuits of the retina and what role they might play for our visual perception. With genetic access to specific types, and the ability to silence them selectively, it will be possible to test how they map onto specific aspects of visual behavior.
Materials and Methods
Mice. The generation of W3 mice has been described previously (12) . Briefly, they were generated from a vector in which Thy1 regulatory elements drive the expression of YFP, wheat-germ agglutinin (WGA), and Escherichia coli β-galactosidase (LacZ; Thy1-lox-YFP-STOP-lox-WGA-LacZ). In the absence of Cre, YFP was expressed in a distinct subset of RGCs in the W3 retina, presumably due to effects of sequences near the site of transgene integration in the genome (19) . All experiments were carried out in accordance with protocols approved by the Harvard University Standing Committee on the Use of Animals in Research and Teaching.
Microscopy. For microscopy of immunolabeled retina ( Fig. 1 D and E) mice were euthanized and the retina was dissected out, fixed for 1 h in 4% paraformaldehyde (PFA)/PBS, washed with PBS, stained as described by Kim et al. (12) , and then imaged by confocal microscopy. To analyze the distribution across the retina, the native YFP fluorescence was imaged in a fixed whole-mount retina ( Fig. 1A and Fig. S1 ). In these images the fluorescence intensity of neurons in the ganglion cell layer follows a bimodal distribution (Fig. S1 ). This distribution was fitted to a sum of two Gaussian curves. The cells in the brighter population were defined as W3 cells and their soma locations were analyzed to test for regular spacing. Similarly during physiology experiments the electrodes were targeted at the bright population.
Density Recovery Profile. The density recovery profile ( Fig. 1E and Fig. S2 ) plots the probability per unit area of finding a soma as a function of distance from a soma of the same type (26) . For a square region of interest of side length a, we computed this probability by measuring for each reference cell the distances to all of the other cells and histogramming those, which yields NðrÞΔr ¼ average number of cells at radii between r and r þ Δr: [1] Then we computed the average area available at radii between r and r þ Δr from a reference cell. On average over all locations in the square, one can show that this is AðrÞΔr, where
Then the DRP is computed as ρðrÞ ¼ NðrÞ=AðrÞ: [3] We considered that the W3 population might be only partially labeled in the mutant mouse. Suppose a random fraction f of the population is labeled and the others remain invisible. The remaining population will produce a DRP of the same shape, but scaled vertically by a factor of f . To estimate the fraction labeled, we computed the DRP predicted for various values of f . We assumed that the parent population is arranged on a close-packed hexagonal lattice of side length s and that each soma deviates from its lattice position by some random displacement, distributed as a Gaussian with SD σ. Under these assumptions one can derive an expression for the DRP, This three-parameter expression was fitted to the measured DRP (Fig. 1E) , and we determined the best-fit values and 95% confidence intervals for the underlying parameters. Note the close-packed lattice is the tightest possible arrangement. If the true arrangement is looser, e.g., on a square lattice, then the labeling fraction must be higher to produce the observed DRP. Hence this procedure yields a lower bound on the labeling fraction. In retinal regions with dense labeling of W3 cells we found f ¼ 0:86 ± 0:10. For a test of these estimates, we applied the same procedure to a completely labeled array of starburst amacrine cells, which yielded f ≈ 1 as expected ( Fig. S2 ).
Electrophysiology. Mice were dark adapted for at least 1 h before euthanasia. The retina was isolated under infrared illumination into oxygenated Ringer's solution containing 110 mM NaCl, 2.5 mM KCl, 1 mM CaCl 2 , 1.6 mM MgCl 2 , and 25 mM NaHCO 3 , aerated with 95% O 2 , 5% CO 2 at room temperature. A piece of retina, ∼3-4 mm on a side, was placed with ganglion cells facing up in a superfusion chamber on the stage of an upright fluorescence microscope. Fluorescent ganglion cells were detected by brief excitation (∼20-50 ms) with a blue LED and then targeted for recording. Action potentials were recorded in the cell-attached mode, and synaptic currents were recorded after forming a gigaseal and breaking the patch. For loose cell-attached recordings, the patch microelectrodes (4-7 MOhm) were filled with Ringer's medium and had a final impedance of 4-7 MOhm. For whole-cell recordings, the patch microelectrodes were filled with an internal solution containing 120 mM Cs methanesulfonate, 0.5 mM CaCl 2 , 5 mM EGTA, 10 mM Hepes, 4 mM ATP, 0.5 mM GTP, 5 mM NaCl, and 5 mM QX-314, pH adjusted to 7.2 with CsOH. All reported membrane potential values are corrected for a −10-mV junction potential. Current recordings were acquired using a Multiclamp 700B amplifier (Molecular Devices) and custom software. Signals were digitized at 10 kHz and low-pass filtered at 2 kHz. For all voltage-clamp experiments, series resistance (<20 MOhm) was not compensated. Stimulus-evoked synaptic conductance change was calculated as described by Taylor and Vaney (33) . Briefly, stimulus-evoked synaptic currents were recorded at different holding potentials from −70 mV to +10 mV (Fig. S3 ). The I-V relationship was assumed to be linear. The reversal potential for excitation under our recording conditions was taken to be 0 mV, which was verified by blocking all inhibitory inputs to the cells. The reversal potential for chloride (inhibitory currents) is calculated to be −61 mV and was verified by a visual stimulus presented well outside of the dendritic arbor of the W3 cells, thus preventing excitatory inputs from bipolar cells.
Stimulation. Light stimuli were delivered from a computer-driven video projector through a custom-made substage lens system and focused onto the photoreceptors (frame rate 60 Hz, magnification 5.75 μm/pixel). White light was used, and the average intensity for all stimuli was equivalent to the following photon flux values for the three mouse photoreceptors, each ex-pressed at the wavelength of peak sensitivity: rod, 6.7 × 10 4 photons·s −1 ·μm −2 at 500 nm; M cone, 8.2 × 10 4 photons·s −1 ·μm −2 at 511 nm; and S cone, 1.2 × 10 3 photons·s −1 ·μm −2 at 370 nm. For comparison the respective values for the blue LED used for brief fluorescence imaging were 6.8 × 10 7 , 5.6 × 10 7 , and 6.8 × 10 5 photons·s −1 ·μm −2 . Once a good recording was established on a RGC, we identified the receptive field center by probing with a small flashing spot and centered all subsequent stimuli on this point. Spatiotemporal Receptive Field Measurement. A white noise stimulus composed of a strip of randomly flickering bars (Fig. 3C ) was presented to the retina centered on the W3 cell, and its action potentials were recorded. A 0.5-s stimulus epoch preceding each action potential was collected. Principal component analysis (PCA) of this spike-triggered stimulus ensemble (47) revealed that it can be separated into two distinct groups (Fig. 3C, ii) . Two spatiotemporal receptive fields were then computed separately from the spikes in these two clusters: One turned out to be from the On pathway and the other from the Off pathway (Fig. 3C, iii) .
